We have reported on the differences in site-specific cleavage between DNA and DNA-RNA hybrids by various prototypic DNA cleavers (accompanying paper). In the case of bleomycin (BLM), degradation at 5′-GC-3′ sites was suppressed relative to the same sequence in double-stranded DNA, while 5′-GT-3′ damage remained constant. We now present results of our further investigation on the chemical and conformational factors that contribute to BLM-mediated DNA strand cleavage of DNA-RNA hybrids. Substitution of guanine by hypoxanthine on the RNA strand of hybrids resulted in a significant enhancement of 5′-GC-3′ site damage on the DNA strand relative to double-stranded DNA, thus reversing the suppression noted at these sites. Additionally, 5′-AT-3′ sites, which are damaged significantly more in the hybrid than in DNA, exhibit decreased product formation when hypoxanthine is present on the RNA strand of hybrids. However, when hypoxanthine is substituted for guanine on the DNA strand (a GC cleavage site becomes IC), 5′-IT-3′ and 5′-IC-3′ site cleavage is almost completely suppressed, whereas AT site cleavage is dramatically enhanced. The priority in metallobleomycin site-specific cleavage of hybrids changes with hypoxanthine substitution: the cleavage priority is AT > GT > GC in native hybrid; GC > GT > AT in hybrids substituted with hypoxanthine in the RNA strand; AT >> GT ∼ GC in hybrids substituted with hypoxanthine in the DNA strand. The results of kinetic isotope effect studies on BLM cleavage are presented and, in most cases, the values are larger for the hypoxanthinesubstituted hybrid. The results suggest that the 2-amino groups of guanine residues on both strands of the nucleic acid play an important role in modulation of the binding and cleavage specificity of BLM.
INTRODUCTION
The bleomycins (BLM) (Fig. 1) , first isolated by Umezawa and co-workers (1) , are a family of antitumor antibiotics that are used in the treatment of various cancers (2) . The BLMs are believed to exert their cytotoxic effect by DNA degradation (3) and recent in vitro data has shown that BLM may also be effective by cleaving RNAs (4, 5) and DNA-RNA hybrids (6) . In the presence of Fe(II) and O 2 a ternary 'activated BLM' complex is formed which is believed to be responsible for the abstraction of the 4′-deoxyribose hydrogen (7) of pyrimidines 3′ of a purine in DNA (8, 9) . The initial rate limiting homolysis of this C-H bond ultimately leads to DNA strand cleavage (10) (11) (12) (13) (14) and the type of products formed has been shown to depend on oxygen concentration (15) .
Initial studies on BLM-mediated DNA-RNA hybrid cleavage have been presented earlier (16) and also discussed in detail with respect to various prototypic DNA cleavers (6) . We now focus our attention on BLM, which we showed to cleave DNA-RNA hybrids with a different sequence selectivity to that of duplex DNA (6) . One significant difference was the lack of reactivity at some GC dinucleotide steps in the hybrid. This observation has provided a system which can contribute to our understanding of the molecular basis for site-specific BLM binding to hybrid or duplex DNA. Studies addressing recognition elements for BLM binding to DNA have been recently reported by Bailly and Waring (17) . Although much research has focused on binding of small molecules, such as netropsin and distamycin, in the minor groove to AT sites, very little is understood about GC binding elements. This is important for defining the principles of DNA-drug recognition, as in the case of some protooncogene promoters that are high in G + C content (18) . It is becoming increasingly apparent that such knowledge is crucial to fully understand certain cellular functions, since sequence-dependent nucleic acid conformations affect drug reactivity.
We now present the results of our studies using hypoxanthinesubstituted DNA-RNA hybrids to define the relationship between nucleic acid structure and BLM chemistry. The 2-amino group of guanines on the RNA strand of hybrids appears to play a key role in GC suppression via two possible mechanisms: (i) by sterically hindering BLM binding in the minor groove; (ii) by preventing intercalation of the bithiazole rings. On the other hand, the 2-amino group of guanines on the DNA strand of hybrids cannot be removed and are crucial to site-specific mediated DNA strand cleavage. Furthermore, kinetic isotope effect studies suggest that there is a greater commitment to chemistry once BLM is bound to the hybrid duplex than to DNA.
MATERIALS AND METHODS

Materials
Blenoxane (bleomycin), a mixture of BLM A 2 and B 2 , was a gift of Bristol-Myers Squibb and was used without further purification. NTPs and dNTPs were purchased from Pharmacia and from US Biochemical Corp. (USB) respectively. Deuterated NaBD 4 (99% atom D) and deuteriated diborane (BD 3 ·THF, ∼1 M) were purchased from Norell Inc. and Alfa respectively. [4′-2 H]dCTP was prepared as described by Zhang (19) . [γ-32 P]ATP (>5000 Ci/mmol) was obtained from Amersham Inc.
Calf intestinal phosphatase, RQ1 RNase-free DNase, EcoRV, BamHI and ribonuclease inhibitor (rRNasin) were purchased from Promega. T7 RNA polymerase and RNase H -MMLV reverse transcriptase were purchased from Bethesda Research Laboratories. T4 polynucleotide kinase and phenol:chloroform:isoamyl alcohol (25:24:1) mixture were obtained from USB. All primers were prepared by Oligos Inc. and acrylamide and N,N′-methylene bisacrylamide were from Research Organics. The Nuctrap columns used to remove excess nucleotides were from Stratagene.
Preparation of substrates
DNA was prepared according to published techniques starting from EcoRV-linearized pUM 346 (6) . The strategy to prepare DNA-RNA hybrids was described in detail earlier (6) . Briefly, pUM 346, a plasmid containing the HindIII-BamHI fragment of pBR322, was linearized with EcoRV. This DNA (1.2 µg) was used as a template to prepare the RNA strand in a 50 µl reaction mixture containing 40 mM Tris-HCl, pH 8.0, 25 mM NaCl, 8 mM MgCl 2 , 2 mM spermidine-(HCl) 3 , 50 mM dithiothreitol (DTT) and 2 mM each NTP. To make RNA with inosine, similar conditions as above were used, except that instead of GTP, 2 mM ITP was added. ITP cannot initiate transcription, but will, however, be used by T7 RNA polymerase in elongation; since all RNA transcripts begin with G, a high concentration of GMP (3 mM) was added to prime the reaction (20, 21) . Forty units of recombinant RNase inhibitor was added and after incubating the reaction mixture for 5 min at 37_C, 250 U T7 RNA polymerase (BRL) was added. Transcription was carried out for 1 h and the resulting RNA and DNA mixture treated with 5 U RNase-free DNase. The reaction was terminated by the addition of 50 µl 0.1 M EDTA and the RNA purified as before (6) .
For reverse transcription reactions, RNA with or without hypoxanthine substitution was treated similarly, according to published techniques (6) . RNA pellets were resuspended in 9 µl water, mixed with 1 µg primer complementary to the 3′-end of RNA for primer annealing, heated at 70_C for 10 min and then cooled on ice. In a final volume of 50 µl, 1.7 mM dNTPs, 40 U rRNasin, 1000 U reverse transcriptase, 10 mM DTT, 50 mM Tris-HCl, pH 8.3, 75 mM KCl and 3 mM MgCl 2 were added to the RNA-primer complex solution and incubated for 90 min at 42_C. When the hybrid with deoxyinosine was prepared, 1.7 mM dITP was added in place of dGTP. In the preparation of deuterated hybrid substrates, the deutero analog was added in place of the proteo form; a final concentration of 1.8 mM [4′-2 H]dCTP was used.
We found that the type of reverse transcriptase used affected the efficiency of hybrid synthesis. When preparing the following hybrids, 1000 U reverse transcriptase with RNase activity (BRL) were used: (i) the hybrid with deoxyinosine (rNdI); (ii) the hybrid with inosine on the RNA strand and [4′-2 H]dCTP (rIdC). If non-substitued hybrid (rNdN) was required, then 1000 U RNase H -MMLV reverse transcriptase (BRL) was used. Table 1 lists the nomenclature used for the seven types of hybrids prepared with base and/or isotopic substitutions. 
The first column is the abbreviation for the type of hybrid prepared, the second indicates which hybrids have deuterated cytosines, the third deuterated thymidines and the last two identify on which strand guanine was substituted for hypoxanthine. All hybrids were end-labeled with 32 P.
Bleomycin reaction conditions
All hybrids were purified on 5% non-denaturing polyacrylamide gels before being 5′-32 P-end-labeled with T4 polynucleotide kinase (USB) and were repurified as published earlier (6 Autoradiograph of a 12% denaturing polyacrylamide gel comparing the product profiles of (i) duplex DNA (DNA), (ii) DNA-RNA hybrid (Hyb) and (iii) DNA-RNA hybrid with inosine substitution on the RNA strand (rIdN) with BLM. The 5′-32 P-end-labeled substrates were cleaved with Fe(II) and BLM as described in Materials and Methods and the products resolved by electrophoresis. Samples were analyzed after piperidine treatment in all cases.
The doublets observed at the bottom of the gel are the 3′-phosphate and 3′-phosphoglycolate termini (16) , but migrate as one band further up the gel. The last three lanes are the Maxam-Gilbert sequencing reactions. On the left hand side of the figure, the sequence is written 5′→3′ going up the gel and the numbers represent the site in the pBR322 sequence. With removal of the 2-amino group of guanines on the RNA strand of the rIdN hybrid, suppression of cleavage observed at some 5′-GC-3′ sites in the rNdN hybrid is removed and the electrophoretic profile is more similar to that of duplex DNA.
30 µl ddH 2 O and 10 µl piperidine (10 M). The solutions were incubated at 90_C for 30 min and quenched by addition of 200 µl piperidine stop solution (1 M acetic acid and 0.5 M sodium acetate). The samples were subjected to a standard precipitation technique (22) and the resulting pellets resuspended in 5 µl water and 5 µl denaturing dye (96% formamide, 10 mM EDTA, 0.1% w/v xylene cyanol and 0.1% w/v bromophenol blue). The hybrid was also sequenced using the Maxam-Gilbert sequencing method to determine sequence specificities of BLM degradation (23) .
Product analysis and data analysis
Denaturing polyacrylamide (12% 30:1 acrylamide:N,N′-methylene bisacrylamide, 1× TBE, 7 M urea) sequencing gels were run at 2000 V for 30 min prior to loading equal c.p.m. of each sample and after loading run until the bromophenol blue marking dye reached the bottom of the gel (∼2.5 h). Gels were transferred to Whatman 3MM chromatography paper for drying and autoradiographed by two methods: first, using Fuji AIF-RX film and, second, using a PhosphorImager 400A (Molecular Dynamics). The ImageQuant software from Molecular Dynamics was used to integrate the volume of the bands at each cleavage site; this procedure has been previously described (24) . Cleavage ratios presented in Tables 2 and 3 are the volumes of exposures on the PhosphorImager Screen at a particular cleavage site. Each value was normalized by dividing the ratio of cleavage at a particular site by the ratio of cleavage at an appropriate internal control site. For example, GC205 was chosen as an internal control for studying hypoxanthine substitution on the DNA strand ( Fig. 2 ) and [4′-2 H]dCTP substitution ( Fig. 5 ) effects because this site is within the primer region of the hybrid and, therefore, has no modifications on the sugar or base of the DNA strand. [Note that in the nomenclature used to identify sites (i.e. GC205), the two bases identify the dinucleotide step that is recognized by BLM, the second base being the site at which the 4′-hydrogen is abstracted. The number identifies this base in the pBR322 sequence.] Table 2 . Normalized ratios of cleavage of the hybrid with inosine on both strands (rIdI) to the non-substituted hybrid (rNdN)
The site attacked by BLM is underlined in the first column and the site's position in pBR322 is in the second column. The ratios of cleavage are in the third column; a value of zero indicates 100% suppression in the rIdI hybrid at that site relative to the rNdN hybrid, whereas a value of 1 indicates equal hitting in both substrates. The internal control for this experiment was C205: this site is within the primer region and, therefore, is a 5′-dGdC-3′ site and not a 5′-dIdC-3′ site on the DNA strand, however, on the RNA strand there is inosine present.
RESULTS
Substitution of guanine by hypoxanthine on the RNA strand of hybrids
When preparing RNA with inosine (i.e. the nucleoside of hypoxanthine), to ensure that only inosine incorporation into the RNA had occurred two controls were performed. In the first control no GMP was added; as a result, no RNA was formed. In the second control, GMP was present but ITP was absent (data not shown). Again, no RNA production was observed. This corroborates that GMP can substitute for GTP in initiating RNA synthesis (20) and that, in addition, there is no GTP contamination in the transcription reactions with ITP. Hence, the RNA prepared is of a single type. 
The data are the average with standard deviation of typically three to five experiments as determined by volume integration of bands on a 12% denaturing polyacrylamide gel. The site attacked by BLM is underlined in the first column and the site's position in pBR322 is listed in the second column.
When inosine is substituted for guanine on the RNA strand of the hybrid (rIdN), the observed suppression at GC dinucleotide sequences in non-substituted hybrids is removed. Additionally, overall enhanced damage on the DNA strand occurs in the rIdN hybrid. Figure 2 is an autoradiograph of a typical gel; in Figure  4 a histogram with the ratio of cleavage volumes of the rIdN hybrid to the normal hybrid (rNdN) at specific sites is shown. The results demonstrate dramatically enhanced cleavage at some GC sites in the inosine-substituted hybrid (rIdN). For example, in the rIdN hybrid the magnitude of DNA strand damage at 5′-CGCC-3′ (GC210) is 7-fold greater than in the hybrid with no inosine substitution (rNdN). At 5′-CGCT-3′ (GC236) a similar shift to a hyper-reactive site is observed. At GC sites that are not suppressed, inosine substitution does not result in as large an enhancement of cleavage as at sites that are suppressed in the non-substituted hybrid. Interestingly, dramatic decreases in AT site cleavage with inosine incorporation are observed (i.e. sequence 4 in Fig. 4 ).
Substitution of guanine by hypoxanthine on the DNA strand of hybrids
To study the contribution of the 2-amino group on the guanosine at the dinucleotide step of cleavage to site-specific cleavage in DNA-RNA hybrids, a hybrid with deoxyinosine (rNdI) in place of deoxyguanosine was prepared. A typical autoradiograph is shown in Figure 3 . This substitution resulted in a non-preferential Figure 3 . Autoradiograph of a typical 12% denaturing polyacrylamide gel comparing the product profiles of non-substituted hybrid (rNdN) and deoxyinosine-substituted hybrid (rNdI) with BLM. The 5′-32 P-end-labeled substrates were cleaved with Fe(II) and BLM as described in Materials and Methods and the products resolved by electrophoresis. Samples were analyzed after piperidine treatment in all cases. The Maxam-Gilbert sequencing reactions for G and GA are shown. On the left hand side of the figure, the sequence is written 5′→3′ going up the gel and the numbers represent the site in the pBR322 sequence. Substituting deoxyinosine for guanine on the DNA strand of the hybrid decreases cleavage at all GC and GT dinucleotide steps compared with unsubstituted hybrid and enhances damage at AT sites. GC205, at the bottom of the gel, is within the primer of the hybrid and is not substituted with deoxyinosine (this site is a 5′-dGdC-3′ site, whereas the others are either 5′-dIdC-3′ or 5′-dIdT-3′ sites).
decrease in the rate of cleavage at all GC and GT sites and up to a 4-fold increase in cleavage at AT sites. In Figure 4 a histogram with the ratio of cleavage volumes of the rNdI hybrid to the non-substituted hybrid (rNdN) at specific sites is shown for comparison with the rIdN hybrid.
Substitution of guanosine by hypoxanthine on both the DNA and RNA strands of hybrids
In Table 2 , ratios of cleavage for the hybrids with inosine and deoxyinosine substitution (rIdI) normalized to the unmodified hybrid (rNdN) are listed. The ratios are values normalized to GC205, a site at which no deoxyinosine is present, since it is within the primer region, however, an inosine is present on the Each column is an average of at least three experiments and the error bars are shown for each site. The dashed horizontal line at one indicates the point at which cleavage would be equal in these hybrids relative to the rNdN hybrid. The arrows point to two sites at which the effect of inosine substitution is clearly evident. In sequence 4, an AT site, the rNdI hybrid has a large amount of cleavage, whereas in the rIdN hybrid this site is relatively unrecognized by BLM. In sequence 10, a GC site, inosine substitution (rIdN) enhances cleavage and deoxyinosine substitution (rNdI) almost completely suppresses it.
RNA strand base paired to the cytidine. At GC205 of the rIdI hybrid there is a high degree of cleavage for two reasons: (i) this is not a suppressed site on the hybrid (rNdN); (ii) the presence of inosine on the RNA strand increases damage at this site, based on the results with the rIdN hybrid. In normalizing data, the volume of a band of a specific site is divided by the volume of the band of GC205. As a result, since inosine substitution increases damage at all GC sites analyzed, it is very probable that the values listed in Table 2 are smaller than indicated.
Analysis of the chemistry of inosine-substituted hybrids
The isotope effects on 4′-hydrogen abstraction from the inosinesubstituted hybrid (rIdC) are summarized in Table 3 ; the values ranged from 1.9 to 5.2. Kinetic isotope effect values in DNA at 4′-deuterated cytidylate sites ranged from 1.3 to 3.4; these values are comparable with those in the hybrid (rNdC), which ranged from 1.2 to 2.6 (from Table 2 in 6). Interestingly, the magnitude of the isotope effects doubled in the inosine-substituted hybrid (rIdC) for two of the three sites at which there is an isotope effect in the non-inosine-substituted hybrid (rNdC): GC230 (sequence 8, Fig. 4 ) and GC234 (sequence 9). GC223 (sequence 5) is the third site. GC230 is a suppressed site in the hybrid in which alleviation of suppression is observed with inosine substitution. The internal control in these sets of experiments was GC205, a non-deuterated site within the primer region. Again, all internal controls except for GT225 gave no kinetic isotope effect.
To further analyze the chemistry of degradation with hypoxanthine-substituted polymers, reactions were perfomed at increased oxygen tension. A typical reaction profile at 4_C is shown in Figure 5 . Autoradiograph of a 20% denaturing polyacrylamide gel comparing hybrid (rIdN) degradation at room temperature under ambient oxygen tension (RT) with degradation at 4_C under elevated oxygen tension (O 2 ). The 5′-32 P-end-labeled substrates were cleaved with Fe(II) and BLM as described in Materials and Methods and the products resolved by electrophoresis. Samples were analyzed prior to and after piperidine (B) treatment as indicated. In both substrates, the amount of degradation products and, specifically, the amount of 3′-phosphoglycolate (PG) termini, were greater under elevated oxygen tension. Figure 5 . The number of 3′-phosphoglycolate termini formed is significantly increased at elevated oxygen, while the number of 3′-phosphates remains essentially unchanged.
DISCUSSION
Inosine is a purine nucleoside which base pairs with cytosine by forming two hydrogen bonds, instead of the three found in GC base pairs: this is a consequence of the fact that the base, hypoxanthine, is missing the 2-amino group present in guanine (Fig. 6 ). Earlier work with neocarzinostatin had shown that when guanine is changed into inosine in DNA, a 5-fold enhancement of cleavage occurs: the amino group of guanine was suggested to contribute to the difference in neocarzinostatin binding at AT versus GC sites (25) . We proceeded to replace guanosine with inosine on the RNA strand of the hybrid, base paired to the 5′-labeled DNA strand that was being investigated (for example, opposite the 5′-GC-3′ cleavage site on the DNA strand there is a complementary 3′-rCrI-5′ on the RNA strand). We observed that BLM can bind and subsequently lead to cleavage products at all GC sites in the rIdN hybrid that were once suppressed in the rNdN hybrid.
Our earlier results with DNA-RNA hybrids had provided evidence that BLM binding and sequence specificity span three to four bases (6); this is now further corroborated with the rIdN hybrid. Our initial expectations were that only a hypoxanthine on the RNA strand immediately across the DNA dinucleotide hit site would have an effect on DNA strand cleavage. However, closer examination revealed that in the rIdN hybrid [see 5′-AGTC-3′ (GT214) and 5′-CGTG-3′ (GT225), Fig. 4 ], a significant enhancement in cleavage occurs when the inosine on the complementary RNA strand is one base removed from the dinucleotide step of the DNA strand. This occurred when the RNA strand sequences were 3′-TCAI-5′ and 3′-ICAC-5′ respectively. GT245 (5′-CGTT-3′), the internal control for this specific experiment, was probably subject to enhanced damage also, since it too has an inosine on one flanking end of the opposing strand (3′-ICAA-5′). Thus, since GT245 was used to normalize the data, the real enhancement of cleavage at all reported sites was underestimated.
The amino group on the guanine of 3′-rCrG-5′ sequences on the RNA strand of the hybrid directly opposite to the DNA cleavage site 5′-dGdC-3′ may sterically interfere with accessibility of the activated drug to the 4′-hydrogen. Substitution with hypoxanthine would alleviate this effect. One consequence of this may be that inosine increases the binding constant of the drug to GC sites in DNA-RNA hybrids, which would increase the commitment to DNA strand cleavage by the drug. These results directly implicate the exocyclic amino group of guanines, which are oriented towards the minor groove of duplex polymers, in sterically blocking access of BLM to some GC sites in hybrids. Since not all GC sequences are suppressed along the DNA strand of hybrids, this confirms the sequence-dependent structural heterogeneity that exists in nucleic acids, as was also observed in an earlier study utilizing kinetic isotope effects (KIE) (15) .
X-ray fiber diffraction data suggest that the minor groove of poly(dA)·poly(rU) is wider and shallower than B-form DNA, although less so than in A-form DNA (26, 27) . In general, in A-form polymers both the 1′-and 4′-hydrogens protrude out from the minor groove, whereas in B-form DNA, the 1′-hydrogen is buried. Recent work in our laboratory could not verify the prescence of a 1′-hydrogen isotope effect on DNA-RNA hybrid homopolymers (28) , even though the ratio of monomeric product formation was substantially different from that of DNA (29) . These results lend credibility to the currently accepted theory that the individual DNA and RNA strands retain parent-like conformations, namely B-form and A-form respectively, in duplex hybrids. Based on the published NMR coordinates of Reid and co-workers (30) a hybrid was modeled using QuantaCharm software (Molecular Dynamics). In the resulting structure (not shown) the 2-amino group of guanine on the RNA strand was observed to protrude above the floor of the minor groove, blocking access to both 1′-and 4′-sugar hydrogens.
Furthermore, if steric factors are important, then there should be an additive effect of additional guanosines due to the presence of an increasing number of 2-amino groups. 5′-CGCC-3′ (sequence 2, Fig. 4 ) has three guanosines in the complementary RNA strand. There is almost 100% suppression of cleavage at this site relative to DNA. However, the enhancement of cleavage at this site when inosine is substituted for guanosine is the largest (7.1 ± 0.7) of all the sequences studied. If two guanosines are present in the opposing RNA strand, as in 5′-CGCT-3′ (sequence 10), there is a smaller degree of GC suppression and the amount of enhancement is also decreased (as seen by the increase in error). If only one guanine is present opposite to the cleavage site, then suppression and enhancement do not appear to be as dramatic (sequences 7 and 8). Hence, it appears that the greater the number of guanosines in the RNA strand surrounding the GC site in DNA, the greater the observed suppression, which is reversed by inosine substitution in a parallel manner.
The different preferences for site-specific cleavage by BLM in DNA-RNA hybrids versus DNA is also evident by analysis of AT sites. Three 5′-AT-3′ sites were analyzed. When the hybrid has no inosine in it (rNdN) and GC sites are relatively suppressed, AT sites are recognized and cleaved to a much larger extent than in DNA, up to 6-fold more (6) . However, with inosine substitution (rIdN), reactivity at GC and GT sites becomes more extensive and the relative damage at AT sites decreases substantially. These AT sites have no flanking inosines on the complementary RNA strand and are not affected by the absence of the 2-amino group of guanines. The observed change in cleavage at these minor hit sites in substituted and non-substituted hybrids is not due to a local conformational or electronic change, but is diagnostic of a change not only in overall conformation as compared with duplex DNA, but also in the sequence priorities of site-specific BLM cleavage. In non-substituted and substituted hybrids, purinepyrimidine dinucleotide sequences are preferred, but the order of preference changes from GT ∼ GC > AT (8, 9) in duplex DNA to GC > GT > AT in substituted hybrid.
Our conclusions are similar to those drawn by Kuwahara and Sugiura (31) using BLM and poly(dI·dC) and Bailly and Waring (17) using a homologous 160 bp DNA which had inosine on both strands. In our experiments, as we initially reported (16), substitution of deoxyinosine for deoxyguanosine leads to decreased cleavage at all GT and GC sites in hybrids. It is important to note that at 5′-CGCC-3′ (sequence 2, Fig. 4 ) no apparent suppression is observed. This does not contradict our conclusions, because this site in the non-substituted hybrid is highly suppressed and cleavage is not observed with a PhosphorImager (Fig.  3) . For this reason, substituting deoxyinosine at this site has no effect and the ratio of cleavage observed is 1.
The priority of cleavage with respect to sequence in the rNdI hybrid changes to AT >> GC ∼ GT. The results indicate that the 2-amino group of deoxyguanines on the DNA strand is important for BLM binding and/or sequence specificity. Thus, despite the gross differences between DNA and hybrid conformation, this element of drug recognition in GC/GT site binding and subsequent cleavage remains the same. Recent NMR and modeling studies from our laboratories have led to a structural proposal for the binding of BLM to G-pyrimidine sites in DNA (32) (33) (34) . The model suggests that sequence recognition is the result of a unique hydrogen bonding network between the 2-amino and N-3 positions of the 5′-guanine and the N-3 and 4-amino positions of the pyrimidine moiety of BLM. The similar specificity profile for hybrid cleavage supports the hypothesis that the conformation of the DNA strand of the hybrid is structurally similar to that of the cleaved DNA strand in the duplex DNA-BLM complex.
Two questions were being addressed simultaneously using the hybrid with hypoxanthine on both strands: first, the steric role of the 2-amino group of guanines on the RNA strand and, second, the chemical interactions that are generated by the 2-amino group on the DNA strand in binding with BLM. We were interested in determining whether the interaction of BLM with amino groups on one strand was more important than with amino groups on the opposing strand. The result of both modifications, with inosine and deoxyinosine in the hybrid (rIdI), expand the spectrum of suppression to include all GC and GT sites. However, AT sites still undergo extensive damage. Cleavage at GC205 is greater, since inosine is on the opposing RNA strand and there is no deoxyinosine present. It can be concluded that once the amino group of deoxyguanosine is removed, the effects of suppression cannot be compensated for by the additional removal of the amino group of guanine on the RNA strand. The amino group of deoxyguanine of the strand analyzed is crucial to binding and site-specific recognition.
We have also established by two methods that the chemistry of degradation in hypoxanthine-substituted hybrids is not affected by removal of the 2-amino group: (i) by the effect of increased oxygen tension on the product profile; (ii) by calculating the kinetic isotope effects at 4′-hydrogen positions. BLM reactions at higher oxygen tension show a dramatic increase in 3′-phosphoglycolate termini, whereas the amounts of 3′-phosphate termini remain essentially unchanged. This is indicative of a mechanism in which a common intermediate partitions between two termini, depending on the availability of oxygen (15) .
In general, BLM reactions are performed under V/K conditions, in which the reactions are non-saturating with respect to the concentration of drug. There are multiple explanations for the observation of lower isotope effects at suppressed sites in hybrids relative to DNA. One possibility is that there is a higher commitment to cleavage once BLM is bound to the hybrid relative to DNA. A decrease in isotope effects and an increase in commitment levels to C-H or C-D bond cleavage is a result of two interacting factors: (i) non-productive processes that do not result in a drug-substrate complex; (ii) chemical processes that lead to products, which may involve the rate limiting step of the reaction. Recent studies (15) have shown that dissociation of BLM from activated BLM-DNA complexes is fast compared with 4′-hydrogen abstraction under V/K conditions. An enhancement of cleavage at GC sites in the hybrid substituted with inosine suggests that the difference in the rates between non-productive processes and chemistry are smaller for a non-modified hybrid than for DNA. This is further supported by the increase in isotope effect values in rIdN hybrids. An increase in the rate of non-productive processes with inosine substitution would result in a decrease in the commitment to catalysis (C-H or C-D bond breakage) and would be observed as an increase in the isotope effect values. The other factor in the modulation of isotope effects is the geometry of the transition state. More experiments are required to elucidate the finer points of this model.
The presence of isotope effects at the 4′-position in hybrids and DNA indicates that the three-dimensional structure of the analyzed DNA strands of both substrates are comparable. The accessibility of the 4′-hydrogen to BLM is one way to probe for minor groove conformation. The observation of isotope effects at the 4′-position supports the mechanism of DNA strand degradation in hybrids proposed by Worth and co-workers (15) , with the angle that is formed between BLM and the 4′-hydrogen probably being similar for both substrates but closer to the 180_ ideal for duplex DNA. The other factor in modulation of isotope effects is the transition state structure, which is difficult to address with our experiments.
Conclusions
In order to study DNA-RNA hybrid structure we have used the known sequence-specific chemistry of BLM to facilitate the dissection of complex drug-substrate interactions. The DNA strand of hybrids appears to be B-form like. This is a result of four observations: (i) isotope effects at 4′-deuterated positions occur both in DNA and in hybrids; (ii) the observed oligomeric products formed migrate with a similar pattern to that of DNA; (iii) deoxyinosine substitution substantially diminishes cleavage at GC/GT sites, as observed with DNA; (iv) GC suppression in hybrids can be enhanced by inosine substitution on the RNA strand, indicating that BLM binding does not occur at some GC sites, not because of a different conformation at that site, but probably because of steric hindrance in the minor groove due to the 2-amino group of guanosines on the RNA strand. This last point also indicates that the RNA strand of hybrids is a unique structure (not like B-form DNA), since in duplex DNA the 2-amino groups provide no steric problem. Additionally, our methodology to synthesize hybrids can be extended to study sequence-specific RNA strand damage.
The unique conformation of the RNA strand does not affect the DNA strand conformation to a large extent. That such two conformationally different strands can anneal in a stable form is exemplary of the flexibility of nucleotide conformations. Comparing established reactivities of BLM with duplex DNA with DNA-RNA hybrids is a start in the direction of understanding what chemical interactions are important to BLM binding and chemistry. Answering basic questions about specific interactions at the molecular level will aid in the development of conformational probes for nucleotide structure and in improved drug design.
